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ACCURACY OF THE IOS APPROXIMATION 
FOR HIGHLY INELASTIC R-T COLLISIONAL ENERGY TRANSFER. CO-Ar * 
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Rate corMants for rotational cscitation of CO by coUisions with Ar atoms have been computed within the infmite 
order sudden (LOS) approximation and compared with values from csact cirtssical trajectories. For CO-Ar, as for CO-He, 
nccurale values for X(0-i) - at least for small and intcrmcdiatcj - may bc obtained by taking the _seometric averqc of 
mtcs computed assuming the 10s energy is the initial energy for upward 0 -j transitions and the initial energy for down- 
wrdj - 0 transitions. Ilowevcr. cspccially for higher j, it appears preferable to interpret the 10s energy as the final kinetic 
rncrgy. The best overall results arc: probably obtained by averaging rates computed assuming the 10s energy is the fmal cn- 
crgy for upward transitions and the final energy for dowrwnrd transitions. 

I. Introduction 

Of ~IIC various theoretical ~~tllods available to 
treat rotational cxcilation in molecular collisions, the 

iillinilc order sudden (IOSjapproximation is probably 

the lni)st powerful. Rcsidcs finding application in ro- 
tation;il rclasation problems, it greatly simplificsstudies 

of.vibrational relaxation [I j. Furtiicrmorc, scaling re- 
I:\tionships that wcrc: lkst dcrivcd within the context 

oI’this approximation appear to bc cxtremcly power- 
t‘ul [ 2 -4 I. I I is thcrcl’orc of considerable intcrcst to 
doctnncnt lhc :muracy mid range of validity of the 
IOS ul3proximutiun. 

Siwc romtional cncrgy spacings arc ignored com- 
~ILXI 10 the kinetic cncrgy in this ~ncthod,onecxpects 

IIic IOS approxiniatiorI 10 bc poor when only a few 
~r~t;~tiot\;rl lcvcls :lrc encrgcticully rrccessiblc (XC, e.g. 

rcl’. 15 \ ) bill ilr 1llill cilsc more ilcctiriitc Inethods, such 
.I\ llic coupled slxics :ipproxinlntion arc often fcasiblc. 
In tlic clpposilc c;isc whcrc many lcvcls arc cncrgctically 

accessible one expects the 10s method to be good 
but verification of this expectation has been hampered 
by the difficulty of obtaining accurate values in this 
case against which to compare. 

In a recent paper [6] we used classical trajectory 
methods - which are also expected to be accurate 
when many quantum states are populated - to study 
the accuracy of the 10s approximation for CO-He 
collisions. As expected, and as had been documented 
previously [S], the IOS method does provide a good 
description for this system for collisions in which the 
inelasticity is fairly small (i.e. small changes in the ro- 
tational quantum number). We showed in ref. [6] that 

one can obtain accurate results for this system even 
for highly inelastic collisions, but in that case it is nec- 
essary to intcrprct the meaning of the 10s kinetic cn- 
ergy with some care. 

WC present here a similar study of CO-Ar collisions. 
This system is a less favorable cite for the IOS approx- 
imation. Because of the larger reduced mass the colli- 
sion velocity is slower compared with the rotational 
period, and the collision is therefore less sudden or 
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more adiabatic_ A study of pressure-broadening cross 
sections for this system [7] found that while the 108 
approximation was excellent for the lowest rotational 
line (i.e. J = 0 - l), it became increasingly poorer for 
higher rotational levels. This is in contrast to CO-He 
for which the IOS app&imation does accurately pre- 
dict thedependence ofpressure-broadeningcrosssect- 
ions on going to higher rotational levels. 

2. Calculations and results 

The CO-Ar potential was obtained within the 
Gordon and Kim [8] electron gas formalism_ Calcula- 
tions were done at seven orientations, 0 = 0(30)180, 
for the intermolecular separationsf? = 3.0(0.5)8.5 bohr 
radii. The angular dependence was expanded in terms 
of Legendre polynomials retaining the five terms through 
P4_ Continuous radial coefficients in the Legendre ex- 
pansion were obtained by spline interpolation, expo- 
nential extrapolation for small separations, and inverse 
power extrapolation at large separation [9]_ Although 
the electron gas model has known deficiencies, it has 
the virtue of providing a reasonably accurate descrip- 
tion of the forces important for rotational excitation 
at a very modest computational cost. An improved 
electron gas potential for this system has been given 
by Parker and Pack [IO]. It was shown in ref. [7] that 
the current electron gas potential provides a reasonable 
description of pressure-broadening cross sections for 
this system. Of course, for the present study which is 
dcsigncd to test the accuracy of the 10s scattering ap- 
proximation, the verisimilitude of the potential is not 
a ClUCia~ factor. 

IOS calculations were performed at twenty-live col- 
lision energies from 25 to 10000 cm- l_ Integration 
over the angle dependence was done with 96-point 
Gauss quadrature_ Bate constants were obtained by 
numerically integrating cross sections over a Boltzmann 
distribution of initial kinetic energies. As discussed in 
our previous paper [6], the interpretation of energy 
in the IOS method is ambiguous, and there we considered 
two possibilities. In the first, the 10s energy was taken 
as the initial energy for downward collisions, i.e. 

UID(~+ OlEii,)= (2j + 1)-l Q&El,), (1) 

where Qj is a generalized 10s cross section as defined 
by Goldflam et al. [2] and where the subscript stands 

for i&id energy for downward collisions. The rate 
RID0 + 01 r) is then obtained by integrating over a 
Boltzmann distribution of collision energies, and the 
corresponding upward rate, RID(O +jl T), is obtained 
from the detailed balance relationship, 

R1D(O~jl~=(2~+1)e-AE~~TR1D0.~01T), (2) 

where AE = Ej - E, > 0. in the second interpretation 

the 10s energy was taken as the izzitial energy for zp- 

ward transitions, i.e. 

otD(O +jl&)= QjWjJ (% 

and the corresponding rate “onstant, R,D(O +il I) is 
obtained by integrating over a Boltzmann distribution. 
(Note that QJE) is generally non-zero even for energies 
below the threshold for the 0 +j transition.) It is 
readily shown that 

Rl”(O-filT)=c4E’~TRID(O-filT). (4) 

For CO-He it was found that R,, provided an 
overestimate and RID an underestimate for the true 
rate constant, the error increasing with inelasticity. 
However, the geometrical average, 

RI* ‘(RIURID)‘I’ = ePElrX-TRI~ : (5) 

appeared to provide an accurate estimate. It can be 
shown that RI, is equivalent to interpreting the IOS 
energy as the average of the energies for upward and 
downward transitions and including an energy factor 
that enforces detailed balance and that is symmetrical 
with respect to upward and downward transitions; in 
particular, 

oiA(O +ilEin)= Qj(Ein - fM)(&in -iu)/Ein- (6) 

It has recently been suggested by Chang et al. [ 111 
that it is more appropriate to interpret the 10s energy 
as the final kinetic energy. For example, taking the 
10s energy as the _/ha1 energy for dowrzward collisions 
one identifies 

oED0 + OlEin)= (2j + l)-’ Qj(Ei, + AE) 3 (7) 

which gives Rr;-D(j 4 0 17’) when integrated over a 
Boltzmann distribution, with R,D(O + jl T) obtained 
from detailed balance, eq. (2). Taking the 10s energy 
as thejitral energy for upward transitions leads to the 
identification 
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which gives RI:“@ -/In when intcgrutcd over 0 
Rl~lt2.fllitlll~ distribution: nOtC that tllc Q&l?) ilrc as. 

sunled to vanish for negalive E. Decausc tllc Qj in tlic 

~oltzinanrt integrals for Rl;lj and Rt:t, refer lo diffcr- 
cm encrgics. it is not possible lo obtain a simple rc- 
lationship hetwcen them analogous to that bctwccn 

RI,, and RtU in eq. (4). One cm also define an avcragc. 

K,: A, in amlogy with RI, in eq. (5). 

Classical trltjcclory calculations were done using 

s~and~~rd methodsas dcscribcd in our earlier paper [b]. 
A lotal of20000 trajectories were run, of which 58 

were rejected because the collision was not coniplctc 
in a reasonable number of steps. 111 all cases lhe CO ini- 
tially had no rotational kinetic energy0 = 0) and :hc 
linal rolalional slate was dclermined by a binning pro- 

cedure. 

CO-AR 

T= 500K 

J 

I:ig. 1. Comparison of 0 -j escitntion rzncs in CO-Ar collis- 
ions al il kinetic tcmpcraturc of 500 K. Values from classical 
trajectory calculations arc shown as circles with error bars in- 
dicating one sigma uncertainties from the Monte Carlo statis- 
tisr. V&I.X from IOS ulcuhtions xre shown as lines. The 

upper and lower lines nssumc that the 10s energy is the initial 
cncrgy for upward and downward collisions, RIU and RID, 
rcspcctivcly. l’hc hcavicr center lint is the geometric average 
of ~hrse, RIA. and is seen to provide good agreement with 

lhc chs.sical trajectory values esccpt, perhaps, for very large 
inelasticity. 
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I:ig. 2. -fhe samcas fig. I csccpt that the IOS energy is asswnsd 

to bc the final kinetic energy for upward and downward col- 
lisions. R 1:” and R I‘D, respectively. 

Results are presented in figs. 1 and 2. Classical tra- 
jectory values are indicated by circles with one sigma 
error bars from the Monte Carlo statistics. IOS values 
are indicated by lines. In fig. 1 the IOS energy is as- 
sumed to be the initial kinetic energy, and R,“, R,,, 
and RI, are shown. As for CO-He, R,, is too large 
and RID is too small, the error increasing with inelas- 
ticity_ The average, R,, , appears to provide a good 

estimate, especially when one recalls the shortcomings 

of classical trajectory values [ 121, i.e. that R(0 -+ 1) is 
likely to be too large and that oscillations wit11 final ro- 
tational level that come from quantum interference ef- 
fects are expected to be averaged out. However, for 
the largest inelasticities shown here (i > 22) the clas- 

sical trajectory values do appear to be significantly 

lower than R,,, although the satistical uncertainties 
for these rare events arc rather large. Asimilar, if some- 

what less pronounced trend was also observed for CO- 
He. It seems Likely, therefore, that R,, is, in fact, an 

overestimate of the true rate at high inelasticity_ In 

fig. 3, the IOS energy isassumed to be the final kinetic 
energy, and R ,: u and RFD are shown. For small i 
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these appear to be in poorer agreement with the clas- 
sical tr~jc~lory~lucs than~t~ andRtt,_ Theaverage, 
RITA, bxvevcr, is close t0 XIA. At higher jncl~sticity 

RI:” and R*q) p rcdict smaller rate constants than Rt,, 
giving better agrccmcnt with the classical trajectory 
values. It is particutarly notcworttly that int~rprctin~ 
the IOS cncrgy as the final energy gives cross sections 
that come closer to satisfying detailed balance than 
do those ealculatcd from an initial energy assulnption. 

Fig. 3. Comparison of 0 -i excitation rates in CO-He co& 
sions at a kinetic temperature of SO0 K. Values from c&&at 
trajectory calculations are shown as circles with error bars in- 
dicat& one sigma uncertainties from the Monte Carlo statis- 
tics. Values from coupled states calculations axe shown as 
crosses. Both’ of these have been reported p~~iously in ref. 
161. Vatues from iOS ca%.xlations are shown as tines. The RX 
energy is assumed to be the fmat kinetic energy for upward 
and downward collisions, RFU and RFD, respectively. 

This is seen ~m~hicaily by the smaller divergence of 
RHU and Rt:D as compared with R,, and R,,, es- 
pecially for higher inelasticity. 

Because the final energy assumption appears to be 
a better overall choice than the initial energy assump 
tion for this system, we have applied it to CO-He to 
compare with our earlier results in which only the ini- 
tial energy assumption was made. Fig. 3 compares IOS 
RFD ant! RF, with classical trajectory and coupled 

states values. Ai for CO-Ar the final energy assumption 
gives results that are closer to detailed balance although 
for larger inelasticityRf;D and RFU diverge more for 

CO-He than for CCL&r. Interestin~y,R~~ is larger than 
RF~ here for highly inelastic collisions. Again, as for CO- 
Ar, the final energy assumption predicts lower rates 

for highly inelastic collisions, in better agreement with 
classical trajectory values. 

3. Discussion 

The accuracy ofthc IOS ~pproxinlation for calculat- 
ing the rates of excitation out of the lowest level, R(0 
+j), in CO-Ar collision has been assessed by com- 

paring with classical trajectory results that are expected 
to provide an accurate description for this system. As 
in our previous study of CO-He collisions, it is found 
that the interpretation of the 10s energy is important. 
For both systems, good resuZs are obtained - at least 
for small and intermediate inelasticity - by using the 

average of the initial energies for upward and down- 

ward collisions. The recent suggestion that the 10s 
energy should be interpreted as the final kinetic energy, 
however, doesappear to be a better procedure for both 
CO-Ar and CO-He; it predicts upward and downward 
rates that more nearly satisfy detailed balance and it 
predicts somewhat lower rate constants that are in 
better accord with classical trajectory values for highly 
inelastic collisions. Based on our experience with these 
two systems it appears that RFA provides the best 
overall estimate for the 0 -+i rates and that RIA is 
also acceptable except, perhaps, fdr very highly inelastic 
c$isions. W&.ile t&e 10s approxiqation was expected 
to be generally excellent for CO-He collisions, it & 
expected to be fess good for CO-Ar collisions owing 
to the larger reduced mass; and the fact that R(0 +j) 
can be calculated accurately for the latter as well as 
the former is therefore of practical significance. 

439 
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It has been brought to our attention by an anony- 
mous referee that Sachs and Bowman [ 131 suggested 
modifying IOS for vibrational excitation to account 
symmetrically for both initial and final wavevectors; 
although their methods are more complicated than 
our eq. (5), on reanalyzing their results they do not 
appear to provide greater accuracy. Note that the de- 
sirability of using an average collision energy in the 
10s method - something along the lines of our eq. 
(6) - was often discussed among workers in this field; 
however, we are not aware ofany previously published 
results that actually tested this idea. 
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